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Abstract

Resection with primary anastomosis can only repair up to 50% of the adult trachea and
up to 30% of the pediatric trachea when damaged. There is a strong clinical need for
long-segment tracheal replacements. The goal of this research was to create a
seamless, scaffold-free cartilage cylinder for tracheal tissue engineering in vitro. Primary
bovine articular chondrocytes were seeded onto tracheal moulds for roller bottle culture
and the effect of rotational speed, growth factor supplementation, and chondrocyte
layering were investigated. After the 4-week culture period, samples were evaluated
biochemically, histologically, and biomechanically. The results indicated that rotation
was necessary for full tissue coverage, with slower rotational speeds generating thicker
tissue with an improved extracellular matrix, IGF-1 supplementation generating thicker
tissue rich in glycosaminoglycans with inferior mechanical properties, and chondrocyte
layering producing thinner tissue with increased mechanical properties. Overall,
scaffold-free tissue engineering can generate seamless cylindrical cartilage constructs

using roller bottle culture for future applications in long-segment tracheal replacement.
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1 Introduction

1.1 Clinical Need

Tracheal disorders arise from factors such as congenital malformations, cancer,
infection, and prolonged intubation[1]. Congenital laryngotracheal

malformations have an incidence of 1 in 100,000 [2], [3]; while tracheal cancer has an
incidence of 1 in 500,000 [4]. Chronic airway stenosis has a mortality rate between 11—
24 % [5]. Post-intubation tracheal stenosis is the most common reason for
reconstructive airway surgeries with an incidence rate of 6-21% [6], [7]. Tracheal
stenting can only remedy less acute disorders but suffers from infection, obstruction and
integration problems [1], [3], [8]. The golden standard treatment for tracheal disorders is
resection with primary anastomosis, where the damaged tissue is excised and the
trachea is reconnected. This treatment can only repair up to 50% of the adult trachea
and up to 30% of the pediatric trachea. Alternative treatment like patch or slide
tracheoplasty, where the narrowed tissue is widened and slide together, is limited to
repair only 30% of the trachea[9]-[11]. Patients with long segment tracheal disorders
have no clinically feasible options. There is a strong clinical need for long-segment
tracheal replacements beyond surgical limits, especially in children and emergency

cases.

1.2 Tracheal Replacements Strategies
The ideal tracheal replacement mimics the structure and function of the trachea: a rigid

hollow tube preventing airway collapse and epithelium-coated to prevent infection. The



replacement would mimic the extracellular matrix (ECM) of the trachea biochemically
and biomechanically, while being porous to allow for ingrowth and vascularization.
Airtight implantation of the patient-specific implant should be straightforward, with no
host response to the biocompatible material and follow-up procedures required. Minimal
preparation time with high replacement availability is desired with long-term growth

considerations.

1.3 Tracheal Prostheses and Grafts

Tracheal replacements have utilized synthetic prostheses and non-viable biological
tissues[12]-[14]. Solid prostheses kept the airway open but were often dislodged,
caused infection, and formed granulation and scar tissue leading to restenosis or re-
narrowing of the trachea [9]. Porous scaffolds such as meshes have been implanted
with growth factors such as basic fibroblast growth factor (bFGF) and bone
morphogenetic protein 2 (BMP-2) to recruit host cells to the implant site [15]—-[20].
Despite good mechanical function, graft migration, host rejection and non-repopulation
still led to infection problems, scaring, and restenosis. Harvesting autologous costal
cartilage graft to patch the injured segment has proven effective for small tracheal
defects[9]. The most glaring limitation is the lack of autologous donor sites, preventing
long-segment replacement due to the shortage of accessible cartilage for tracheal
repair. Xenotransplantation can offset organ donor shortage, but ethical concerns, fear

of cross-species infection and host rejection have delayed clinical implementation [21].

Cell-free tracheal allotransplantation has been performed on compassionate grounds to

provide the best quality of life for patients[22]. The most notable clinical example
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involves non-decellularized tracheal allografts without epithelium and cultured in situ
within immunosuppressed patients for 3 months for graft repopulation. The cellularized
replacement then replaced the damaged trachea, a procedure which 5 patients have
received [22], [23]. Results have been promising in terms of mechanical function and
vascularization, but mediocre in terms of cartilage and epithelium repopulation as tissue
necrosis was observed [24]. The potential benefits of allotransplantation are limited by
donor supply and the need for immunosuppression [25]. Tissue-engineering methods
seeding autologous cells on an appropriate scaffold obviate the need for

immunosuppression, ultimately representing a viable tracheal replacement strategy.

1.4 Research Objectives

The goal of this research was to create a seamless cartilage cylinder for tracheal tissue
engineering using scaffold-free techniques in vitro. While cartilage sheets have shown
potential in tracheal tissue engineering, creating a seamless cartilage cylinder has not
been explored using scaffold-free methods. The approach taken here seeded
chondrocytes within tracheal moulds for roller bottle culture. Constructs were then
rotated either manually or automatically to determine their effects on tissue growth.
Optimal rotational speeds and growth factors were explored. Lastly, cell layering was

explored to produce a cartilaginous tube for tracheal replacement.



2 Literature Review

2.1 Tracheal Anatomy and Physiology

The trachea (windpipe) is a hollow tubular organ that facilitates airflow from the larynx to
the bronchi for respiration. There are 4 tissue layers comprising the tracheal walls: the
mucosa, submucosa, cartilage, and adventitia (Figure 2.1). The mucosa is the most
luminal layer of the trachea consisting of pseudostratified columnar epithelium
embedded with ciliated, brush, basal, and goblet cells on a basement membrane.
Goblet cells generate mucous which covers the cilia and traps foreign bodies before
reaching the lungs for removal (mucociliary clearance). Beneath the mucosa is the
submucosa, comprised of areolar tissue containing blood vessels and nervous tissue for
vascularization and innervation of the other tracheal layers [26]. The submucosa is
supported by 15-20 C-shaped hyaline cartilage rings which prevent airway collapse and
are connected to each other by elastic connective tissue. The trachealis, a longitudinal
smooth muscle, joins the ends of the cartilage rings and facilitates airflow by
construction and dilation. The outermost tracheal layer is the adventitia comprised of
areolar tissue that anchors the trachea to the surrounding tissues. A mature trachea is
10-13 cm in length and 1.5-2.5 cm in diameter, while an infant trachea is 4 cm in length

and 0.36 cm in diameter [1], [27].
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Figure 2.1: Diagram of the trachea and cross-section of the trachea[1]

2.1.1 Tissue Constituents

Chondrocytes are the only cells of cartilage, responsible for secreting the extracellular
matrix (ECM) consisting mainly of collagen and proteoglycans. Cartilage is avascular,
relying on diffusion to received nutrients and remove waste. Compared to other
vascularized cells, cartilage suffers from relatively low proliferation rates and have a low
cellular density [28]. The bands of fibrous tissue connecting the hyaline cartilage rings

are called the annular ligaments of trachea and are comprised of fibroblasts. The
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trachealis which joins the cartilage rings together is made of smooth, non-striated
muscle cells which cause the tissue to contract, ultimately modulating size of the

airway[26].

The pseudostratified columnar epithelium is actually a single layer of cells with varying
nuclei position to give the appearance of cellular stratification[26]. The epithelium lines
the tracheal lumen with a network of ciliated, basal, and secretory cells on a basement
membrane. Goblet cells secrete mucous to trap particulates which works together with
ciliated cells propel particulates for expulsion to prevent pathogens from reaching the
lungs (mucociliary clearance). Basal cells line the basement membrane have the ability
to differentiate to any cell type found in the epithelium, often migrating to injury sites for

regeneration[26].

2.1.2 Extracellular Matrix (ECM)

2.1.2.1 Water

Water accounts for nearly 80% of the wet weight of cartilage, with 30% of this water
filling the space between the collagen networks and 70% filling the ECM’s pore space
[29]. The interstitial fluid is comprised of water and dissolved ions such as sodium,
calcium, chloride and potassium [29], to generates frictional resistance and water
pressure allowing loading. Water flows throughout the cartilage to transport nutrients to

chondrocytes as well as lubricate surfaces.



2.1.2.2 Collagen

Collagen comprises 60% of the dry weight of cartilage and is the most prevalent
macromolecule. Specifically, type Il collagen represents 90-95% of the ECM collagens
[29]. Other collagen types such as collagen types V, VI, IX, X and Xl help form and
stabilize the type Il collagen network. The collagen molecule is a three polypeptide
chain of often of “glycine-proline-hydroxyproline”. Hydroxyproline stabilizes collagen by
formation of hydrogen bonds and cross-links between collagen chains, resulting in ECM

strong in tension[29].

2.1.2.3 Proteoglycans (PG)

Proteoglycan (PGs) represent the second largest macromolecule of the ECM in articular
cartilage, accounting for 10-15% of its wet weight. PGs consist of a protein core with
multiple polysaccharide glycosaminoglycan (GAG) chains attached. The largest and
most abundant GAG is aggrecan, which possesses more than 100 chondroitin sulfate
and keratin sulfate chains [29]. Aggrecan occupies the intrafibrillar space of cartilage
and produces the osmotic property that hydrates or swells cartilage with water for

compressional strength.

2.1.3 Tracheal Biomechanics
Despite both using hyaline cartilage, tracheal cartilage differs greatly from articular
cartilage in its structure and function. Articular cartilage is thinly layered to withstand the

compressive loads while tracheal cartilage uses thick circular rings to maintain airway



patency. Traditional cartilage biomechanical assessments include compressive, tensile,
and shear testing, evaluations that not fully assess tracheal function. As a hollow tube
under dynamic stresses, physiological-relevant loads must be considered in determining
a trachea’s resistance to collapse. One test places tracheal segments into custom-made
chambers and increases the external pressure until collapse, using video to record the
modes of failure [15]. Another test uses a peristaltic pumps to produce intraluminal
pressure until failure, recorded with a micro-computed tomography scanner [30].
Trachea compression test are radially focused for its circular geometry [31]. Tracheal
tensile testing uses conventional uniaxial methods, securing strips between the grips of
a mechanical tester and straining the tissue until failure to determine stiffness (Figure
2.2) [32]. Having a standardized set of tracheal mechanical tests would regulate

comparative assessments.

Figure 2.2: Tensile testing setup[32]



2.2 Tracheal Tissue Engineering
2.2.1 Scaffolds

2.2.1.1 Decellularized Scaffolds

Clinically, decellularized scaffolds are the most prominent tracheal replacement
strategy, where cadaveric donor tissue is decellularized though a detergent-enzymatic
method (DEM) to remove host cells and then reseeded with autologous cells. Using
native tracheal tissue, these replacements have the desired biomechanical and
biochemical properties without the risk of host rejection [33]. The first human tissue
engineered tracheal replacement utilized a decellularized scaffold seeded with epithelial
cells and mesenchymal stem-cell-derived chondrocytes in a 30-year-old female patient
with bronchomalacia [34]. The scaffold was mechanically robust with no signs of host
response and exhibited good revascularization and epithelialization[34]. At the 5-year
follow-up, the trachea was patent and completely covered with functioning respiratory
epithelium. Ciliary function and mucus clearance were fully observed, however, weak
patency of the respiratory lumen required stenting [35]. The first pediatric tissue-
engineered tracheal replacement utilized a decellularized scaffold to repair a damaged
tracheal segment 7 cm long in a 10-year-old boy [36]. Autologous cells were seeded at
implantation with granulocyte-colony stimulating factor (G-CSF) and transforming
growth factor beta (TGF-b) as time was a limiting factor. At the 4 year follow-up, stenting

was required once to clear mucus build up causing infection and stenosis [37].

There are a wide variety of DEMs, each offering various benefits and complications [30],
[38]-[43]. Trace amounts of host cells could generate an immune response, thus a

guideline of <50 ng DNA/mg tissue (dry weight) has been suggested [40]. To achieve



this level of antigen removal, the vigorous agents such as enzymes, detergents and
physical forces are required which damage the ECM of the scaffold [40]. Immediate
testing after decellularization usually shows minimal decrease in mechanical properties
and ECM constituents [38], [43], [44]. Long-term testing reports reduced collagen and
elastin content corresponding to decreased mechanical properties in decellularized
tracheas [45]. Preparation time also varies from 1-45 days [34], [42], [46]; the latter

being unsuitable for emergency tracheal replacement.

Clinical success has been achieved in compassionate cases, but further refinement is
needed to get this procedure into clinical trials [33]. A review of nine adult and pediatric
patients were reported no graft related mortalities 1-2 years post transplantation,
however, graft collapse has persisted [47]. The biggest hindrance is the lack of donors,
both in terms of supply and customization for a patient [48]. Optimized DEMs could re-
establish xenotransplantation as a primary means of farming donor organs [25]. For
pediatric cases, decellularized tracheal replacements are not viable long-term as the

scaffold may not degrade with the rate of the child’s growth.

2.2.1.2 Synthetic Scaffolds

Synthetic scaffolds can be fabricated from various materials and methods with high
control over properties. This has resulted in two clinically successful synthetic tracheal
replacements. A composite scaffold of Marlex mesh and collagen sponges patched
smaller defects in the larynx and trachea in 4 patients [49]. At the 34-month follow-up,
good epithelization was observed in all 4 patients; however, one patient exhibited an air

leak. The first synthetic tracheal transplant occurred in 2011 on a 36-year-old male with
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tracheal cancer too large to be resected [50]. A tailor-made nanocomposite polymer
(POSS-PCU) was seeded with autologous bone marrow cells for 36 hours in a custom-
made bioreactor and then implanted into the patent [50]. The POSS-PCU
nanocomposite was chosen for its mechanical properties, biocompatibility, and low
inflammatory response in vivo [51], [52]. Bacterial and fungal infection appeared 1 week
post-operatively, after 5 months the patient was without symptoms having a patent,

vascularized, and epithelialized airway [33].

Synthetic scaffolds present immense potential but must address long-term concerns.
The high control over properties such as porosity and structure allow for patient-specific
scaffold to be readily fabricated. Problems of contamination, stiffness, degradability, and
inflammatory response still remain. The large variety of materials and methods requires
further refinement for widespread clinical implementation. For pediatric use, a scaffold
degrading with the rate of tissue formation would circumvent follow-up surgeries as the
patient grows, however, degradation by-products and resulting mechanical losses must
be considered. Recent cases of scientific misconduct by Paolo Macchiarini have greatly
limited the clinical translation the POSS-PCU scaffold, as between 2011 and 2014, 9

cases of synthetic tracheal transplantation occurred, 7 of which have died [53].

2.2.2 Cell Sourcing

Cell sources can be a limiting factor in tissue engineering. For autologous cells, donor
sites must be minimally invasive yet generate sufficient cell yields to repopulate the
graft. Cellular proliferation must be considered with respect to preparatory time, as

passaging cells to get the desired cell number may not be an option in emergency
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cases. Cellularly sparse and non-vascularized tissue like cartilage has a low
regenerative capacity and requires larger biopsy to generate the desired cell yield.
Chondrocytes have also been known to dedifferentiate in monolayer with passaging
[54]. Thus, primary autologous chondrocytes are often used from the trachea, nasal
septum, knees, and ribs [55]. While procuring primary autologous chondrocytes may not
be ideal, stem cells, which exhibit a high regenerative capacity and can differentiate into

chondrocytes, are easier to access.

Mesenchymal stem cells (MSCs) have the ability to differentiate into various cell
lineages making them attractive for tissue engineering. Stem cells sources include
adipose tissue, bone marrow, endometrial tissue, synovium and blood [1]. The most
assessable MSC sources are bone marrow and adipose stem cells acquired through
needle aspiration. These cells have been researched extensively in cartilage
regeneration [56]. Other researched stem cells include embryonic stem cells (ESCs)
and induced pluripotent stem cells (iPSCs). ESCs exhibit unlimited self-renewal and
pluripotency, potentially generating an unlimited supply of chondrocytes for regeneration
[57], [58]. The potential of ESCs, however, are limited by ethical concerns in clinical
translation. iPSCs addresses this concern by reprogrammed somatic cells, often dermal
fibroblasts, for pluripotency [59]. As a non-invasive cell source with high regeneration
and reprogrammable ability, iPSCs have immense potential in tracheal tissue
engineering [60], [61]. iIPSCs have problems adhering to their reprogrammed lineage
and are prone to tumourgenicity [33], ultimately requiring further refinement for clinical

implementation.
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Epithelial cells also exhibit low regenerative capacity and often dedifferentiate past
passage 4 [27], [62], a limiting factor for re-epithelization. Epithelial cells are often
sourced from right main bronchus [63], [64] and passaged to generate the desired cell
numbers. [65]. Epithelial cells are cultured in an air-liquid interface (ALI), where only the
basal surface of the cells makes contact with media through a permeable
membrane[66], [67]. Co-culture with fibroblasts, however, has shown increased

epithelium expansion.

2.2.3 Scaffold-Free Tissue Engineering

Scaffold-free tissue engineering uses autologous cells to synthesize matrix without
exogenous scaffolds. This leverages the customizability of synthetic scaffold methods
with the biomimetics of decellurization without worry of a host response. In tracheal
tissue engineering, cartilage cell sheets are grow, potentially layered, and rolled
together to form a hollow cylinder [68]-[71]. These methods require a suture to hold the
tissue together and foster tissue fusion. Another method fused cartilage rings together
to form a cylinder not requiring sutures and exhibited increased axial mechanical
strength; however, this may be the result of TGF-B1-containing gelatin microspheres
acting as a scaffold. Scaffold-free tissue engineering has not created a seamless

cartilage cylindrical for tracheal tissue engineering.

The trade-off for natural biocompatibility comes in preparation time. Synthetic scaffolds
provide an “off-the-shelf” option for when time is a factor. Decellularized scaffolds
require less preparation time, as the ECM is already established and cells need only

infiltrate the scaffold. Scaffold-Free tissue engineering requires a large cell yield to build
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and grow to the desired size, a process that would take months when hours are

available.

2.3 Biochemical Signalling Molecules

Various growth factors have been used in tracheal tissue engineering, including
erythropoietin [50], [72], basic fibroblast growth factor (bFGF) [19], [20], transforming
growth factor beta (TGFB) [73], vascular endothelial growth factor (VEGF) [74], and
granulocyte colony-stimulating factor (G-CSF) [50], [72]. Synthetic scaffolds are often
embedded with growth factors to enhance tissue growth in vitro to recruit host cells in
vivo [19], [73], [75]-[78]. Growth factors can be directly administered to the defect site,
either with or after implantation to promote engraftment [36], [50], [72]. The slow release
of bFGF in native rat tracheal cartilage has promoted cellular growth and matrix
production, with the resulting tissue being more resistant to collapse [15], [75], [79].
Growth factors relating to the TGF superfamily have traditionally enhanced cartilage
matrix production. The combination of bone morphogenetic protein 2 (BMP-2) with
insulin-like growth factor 1 (IGF-1) doubled the glycosaminoglycan (GAG) content and
aggregate modulus or newly formed cartilage [80]. TGFB has been shown to support
chondrogenesis in vitro [48]. In vivo growth factor supplementation is usually directed
towards neovascularization by incorporating factors that encourage angiogenesis such
as erythropoietin, VEGF, and G-CSF [81], [82]. Overall, growth factors are imperative
for recruiting stem or progenitor cells, promoting revascularization and innervation, and
optimizing tissue structure/function. Despite the possible benefits, growth factors have

the possibly for malignancy and dosage must be carefully monitored[24].
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2.4 Bioreactors in Tracheal Tissue Engineering

Bioreactors aim to mimic the body’s physical and mechanical stimuli to encourage
tissue growth beyond static culture [53]. This is paramount in tissue engineering where
constructs have high cellular densities requiring vigorous nutrient supply[83]. Dynamic
bioreactors generate homogenous cell distribution, diffusion, and mechanical
stimulation to encourage tissue growth[84]. For tracheal tissue engineering, the desired
bioreactor would seed both chondrocytes and epithelial cells, generate rotation for
homologous cell distribution, produce hydrodynamic stimulation, incorporate
oxygenation, and encourage mass transfer under sterile conditions [85]. This must be
done at a clinically relevant scale, specifically generating at least construct of 4 cm

length, for long-segment tracheal replacement[86].

Tracheal tissue engineering in bioreactors initially focus on cartilage only, then
combined epithelial cells onto tubular tissue. The perfusion seeding of chondrocytes
demonstrated more homogenous cellular distribution and proliferation [87], and
chondrocytes grown in a rotational bioreactor exhibited higher proliferation and ECM
formation along the direction of flow[88]. These elements were implemented with
epithelial cells in a rotating, double-chamber bioreactor for decellularized tracheas
(Figure 2.3: Three-dimensional view of a rotating double-chamber bioreactor[86]Figure
2.3, Figure 2.4) [86]. This design cultured two different cell types on separate sides of
decellularized scaffold, which is imperative for long-term organ replacement success as
per clinical data [89]. Because of the different cell types, different culture medium was

required for each tissue type. This bioreactor was used for the first successful airway
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transplantation to re-seed the autologous cells onto the decellularized donor trachea
[34]. Static seeding was replaced with dynamic perfusion seeding which further

increased cellular counts and homogeneity of the decellularized scaffold[83].
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Figure 2.3: Three-dimensional view of a rotating double-chamber bioreactor[86]
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Figure 2.4: Lateral schematic of bioreactor[34]
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Recent studies have used the body as an in situ bioreactor, leveraging the vasculature
of the body for graft growth while decreasing related costs by lowering the risk of
contamination and reducing processing time[72]. Implantation of chondrocytes-seeded
tracheal constructs in mice generated tissue similar to mature hyaline cartilage after
eight weeks [90]. Decellularized tracheal grafts implanted into mice were recellularized
and exhibited well-organized cartilage with the presence of blood vessels [46]. Scale up
to decellularized pig tracheas seeded in vivo alongside with cells and growth factors
generated a mechanically suitable trachea with reparatory epithelium after 2 weeks and
encouraged recruitment of progenitor cells [72]. The most notable clinical in vivo
bioreactor example involved the successful allotransplantation of a non-decellularized
tracheal graft in a patient's left forearm prior to implantation [22]. After 4 months in situ,
respiratory epithelium was observed. After immunosuppression was suspended, the
allograft was implanted to the trachea and which remained stable and functional after 2

years.

While both in vitro and in vivo bioreactors have their benefits, the most comprehensive
solution would implement both strategies. First culturing chondrocytes and epithelium in
vitro can allow for factors such as rotation, convention, and fluid shear to be controlled.
Following this, the tissue can be implanted in situ to benefit from the vasculature of the

body, and ultimately be transplanted to the defect site.
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3 Materials and Methods

3.1 Bovine Articular Cartilage Harvest and Isolation

Bovine articular chondrocytes were isolated from calves (12 - 18 month old) or cows (18
- 24 month old) from Agram Meats (Georgetown, ON) on the day of slaughter. Cartilage
slices were aseptically extracted from the metacarpal-phalangeal joint. The slices were
then digested in 0.5% protease (w/v) (Sigma-Aldrich) in 20 mL of Ham’s F12 media
(HyClone, Logan, UT) buffered with 25 mM (Bioshop®, Burlington, ON, Canada), and
incubated for 90 minutes (37°C, 95% relative humidity, 5% COz2). The cartilages slices
were then washed with Ham’s F12, given 20 mL of 0.15% collagenase A (w/v) (Roche
Diagnostics, Mannheim, Germany) in Ham’s F12 media, and incubated for an additional
18 hours. The following day, the cartilage tissue digest was filtered through a size 200
mesh (Sigma-Aldrich) to remove undigested tissue and then centrifuged (700 RFC, 7
minutes). The resulting chondrocyte pellet was suspended in 20% FBS (v/v) in Ham’s
F12 media supplemented with 1% (v/v) antibiotic solution (100 U/mL penicillin, 100
mg/mL streptomycin, 0.25 mg/mL amphotericin B) (Sigma-Aldrich, Oakville, ON).
Chondrocytes were suspended at a density of 1 x 10° cells/mL with cell viability was

assessed using the Trypan Blue (Sigma-Aldrich) dye exclusion assay.

3.2 Creation of Trachea Moulds

3.2.1 Polypropylene Tube Preparation

Polypropylene (PP) tubing (ID 12.700 mm, OD 15.875 mm) (Cole-Parmer, Montreal,
QC) was cut with a single-edge blade into 30 mm or 60 mm length segments to
represent the trachea. The PP tracheal moulds were sterilized in 70% ethanol for 1 hour
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and then autoclaved. Following sterilization, the PP tube segments were plasma-treated
(Harrick Plasma, PDC-32G, NY) to enhance chondrocyte adhesion by making the PP
tubes more hydrophilic. The sterilized PP segments were sealed into the chamber of the
plasma machine under vacuum, and segments were plasma treated with oxygen gas for
2 minutes. Following plasma treatment, the PP tube segments were extracted from the

machine’s chamber into sterile conical tubes prior to use.

3.2.2 Static Culture Trachea Construct Preparation

For static culture, 60 mm segments were pre-scored with a tube-cutter into 15 mm
segments, allowing for easier sectioning into 15 mm segments to fit inside the wells of
the 24-well tissue culture plate after seeding. These segments were also marked at the
guarter radial mark to serve as indicators when manually rotating the PP tubes during

static culture.

3.2.3 Roller Tracheal Construct Preparation

A hole was punched in the centre of the circular face of end caps (I1.D. 12.7 mm)
(Stockcap, Arnold, MO) using a 4 mm biopsy punch (Miltex, Oakville, ON). This hole
served as an attachment point for the luer barb fittings (Cole-Parmer) which were
sealed with Buna-N O-rings (I.D. 1.6 mm, McMaster-Carr) at the interface. The Buna-N
O-rings and luer barb fittings were sterilized in 70% ethanol for 1 hour, and then
autoclaved. The augmented end caps were sterilized in 70% ethanol overnight in a

biosafety cabinet as they could not withstand autoclave sterilization. Following
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sterilization, the plasma treated PP tube segments, modified end caps, O-rings, and luer
barb fittings were brought into the biosafety cabinet. The O-rings were placed onto the
barbs of the luer fittings and secured to the end cap’s attachment point (Figure 3.1).
Following this, the luer barb-sealed end caps were placed onto both ends of the
plasma-treated PP tube segments, and the resulting roller tracheal constructs were

prepared for seeding.

Figure 3.1: Assembly of Roller Tracheal Constructs within BioReaction Tube
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3.3 Cell Seeding of Tracheal Moulds

The prepared bovine articular chondrocyte suspension (1x108 cells/mL) was seeded
into the roller tracheal constructs through the luer fitting using a syringe. Chondrocytes
were seeded by volume of the roller tracheal construct (3x10° cells/mm?3). The roller
tracheal constructs were then returned to their respective Bio-Reaction tubes and onto
the incubated bottle roller (Thermo Fisher Scientific) for 24 hours while rotating at 0.5

RPM.

3.4 Chondrocyte Adherence and Recovery

Chondrocyte were seeded onto the plasma-treated polypropylene (PP) tubes at various
inoculation densities. Chondrocyte adherence was determined after 24 hour of seeding
in the incubator on the bottle roller (0.5 RPM) using the Trypan Blue (Sigma-Aldrich)
dye exclusion assay [91]. Adherent chondrocytes were trypsinized (0.05% trypsin, Life
Technologies) from the chondrocyte-seeded PP tubes for 5 minutes (0.5 RPM, 37°C)
and then counted. Non-adherence cells were determined by evaluating the effluent

media.

3.5 Cell Culture

Tracheal constructs were cultured under static or dynamic conditions. Both static and
roller culture were seeded similarly but differed in culture. All samples were fed every 2-
3 days with 20% FBS (v/v) in Ham’s F12 media, supplemented with 1% (v/v) antibiotics
and 0.2% L-ascorbic acid (Sigma-Aldrich) (v/v). All cultures were maintained for a

period of 4 weeks.
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3.5.1 Static Culture

Following cell seeding, the tracheal constructs were brought back into the biosafety
cabinet, the seeding media was aspirated, and the luer barb-sealed end caps were
removed from the chondrocyte-seeded PP tubes. The PP tubes were cut along the
premade grooves using a scalpel into 15 mm segments and placed into a 24-well tissue
culture plate. The segments were fed 5 mL of their designated media, either: 1) no
growth factor or 2) TGFB1 (0.1 nM) (CM-TGF; PeproTech Inc., Rocky Hill, NJ, USA)
supplemented media. Upon feeding, each segment was manually turned either a %2
rotation, % rotation, or no rotation at each feed until the end of the 4-week culture

period.

3.5.2 Roller Culture

After cell seeding, the roller tracheal constructs were brought back into the biosafety
cabinet. The seeding media was aspirated and the luer barb-sealed end caps were
removed from the chondrocyte-seeded PP tubes (30 mm length). The PP tubes were
returned to their respective Bio-Reaction tubes and fed 15 mL of media, the maximal
media level preventing the seeded PP tubes from floating during culture (Figure 3.2).
Media was carefully exchanged to not disturb the tissue on the lumen of the roller
trachea constructs, and Bio-Reaction tubes were replaced halfway through the culture

period to maintain the filter’s integrity.
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Figure 3.2: Experimental Set up for Roller Bottle Culture
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3.5.2.1 Effect of Rotation Speed

The rotational speed of the constructs was varied to determine its effect on tissue
growth. The bottle roller had a minimum rotational speed of 0.5 RPM, thus the diameter
of the Bio-Reaction tubes was increased using plastic fittings to decrease the rotational
speed of the constructs. Ultimately, the diameter-enlarged Bio-Reaction tubes spun at
0.1 RPM simultaneously with the Bio-Reaction tubes without fittings spun at 0.5 RPM on

the same bottle roller unit until the end of the culture period.

3.5.2.2 Growth Factor Supplementation

Once the optimal rotational speed of the constructs was determined, growth factor
supplementation was explored. All samples were cultured at a rotation speed of 0.1
RPM following cell seeding, and fed either 1) media without growth factors or 2)
standard media supplemented by 10 nM IGF-1 (Peprotech, Rocky Hill, NJ, USA) until

the end of the culture period.

3.5.2.3 Effect of Cell Layering

Cell layering was tested to determine its effect on tissue growth. When the isolated
bovine articular chondrocytes (PO cells) were seeded into the roller tracheal constructs,
culture flasks were also seeded for expansion. These PO cells were plated at a density
of 6x102 cells/cm? in 10% FBS (v/v) in Ham’s F12 media supplemented with 1% (v/v)
antibiotics. After seeding, the roller tracheal constructs were cultured at 0.1 RPM and
fed either: 1) media without growth factors or 2) media supplemented by 10 nM IGF-1

(Peprotech, Rocky Hill, NJ, USA). Upon confluence, culture flasks were trypsinized
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(0.05% trypsin (Life Technologies)), washed and counted. The resulting P1 cells were
seeded on top the PO cells of the roller tracheal constructs at a density of 3.3x10’
cellss/mm?. The P1 cells were also plated into culture flasks for expansion. When the P1
cells reached confluence, the layering process was repeated, with the resulting P2 cells
seeded on top of the P1 and PO cells. Roller tracheal constructs were fed their

respective media and cultured at 0.1 RPM until the end of the culture period.

3.6 Assessment of Tissue Thickness & Mechanical Properties

3.6.1 Tissue Thickness Measurements

The thickness of the cultured tissues were determined using the needle probe method
[92]. Harvested tissue biopsies were placed on a flat stainless steel stage, and a 25Ga
needle (Becton, Dickinson and Company, Franklin Lakes, NJ, USA) was secured to a 1-
kg (9.81-N) load cell of the Mach-1™ mechanical tester (Biomomentum, Laval, GC).
The load cell and needle travelled towards the mounted tissue at 5 um/s, and the Mach-
1 Motion data acquisition software (Biosyntech) recorded the displacement of the
needle and the resulting compressive forces at 10 Hz. Using a plot of the resistive
compressive force as a function of needle displacement (Figure 3.3), the initial tissue
contact and complete tissue penetration were characterized by inflections in the plot.
Prior to tissue contact, the forces measured showed little change, however, upon tissue
contact, the forces observed increased prominently. These forces gradually increased
until tissue penetration and stage contact, upon which the forces measured spiked. The

positional difference between these tissue contact and tissue penetration determined
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tissue thickness. Tissue thickness was evaluated at two different locations at room

temperature for each sample and averaged.
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Figure 3.3: Resistive force as a function of needle displacement
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3.6.2 Tensile Mechanical Testing

Both circumferential and longitudinal strips were excised from the harvested cylindrical
cartilaginous tissue for tensile testing. The strips (100 um thick, 3 mm wide, 10 mm
long) were measured in uniaxial tension using the Mach-1™ micromechanical tester
(37°C). To secure the strips to the grips of the mechanical tester, windows frames were
cut out of adhesive name tags (Avery, Canada) with an inner square (7 mm x 7 mm).
The cartilaginous tissue strips were secured between these “adhesive windows” and
mounted to the mechanical tester’s grips. Samples were strained at 1% strain s until
failure, with the load and displacement sampled at 10 Hz. Tensile stress was calculated
as the measured tensile force (load cell) normalized to the cross-sectional area
(thickness x width) of the mounted strips. The applied strain was measured as the
deformation normalized to the gauge length of the strip (7 mm). The stress-strain curve
was plotted, with the linear (elastic) region identified to calculate the modulus by linear

regression (Figure 3.4).
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Figure 3.4: Stress-strain curve of cartilaginous tissue strip

3.7 Biochemical quantification of harvested constructs

3.7.1 Tissue Harvest and Wet/Dry Weight Measurements

Catrtilaginous tissues were harvested from the PP roller tracheal constructs using a
spatula and washed with PBS. Sections of the tissue were designated for biochemistry,
histology, and mechanical testing. The wet and dry weights of the samples for
biochemistry were determined to quantify the moisture content of the samples and to
normalize biochemical assay results. The wet weights of the tissues were determined
by recording the total mass (Mettler Toldedo ME104E) of the tissue-containing micro-
centrifuge tubes and subtracting the pre-determined mass of the micro-centrifuge tubes.
The dry weight was determined after overnight lyophilisation under vacuum (-45°C) in

the same fashion.
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3.7.2 Tissue Digestion

Cartilaginous samples were digested to determine the mass of their biochemical
constituents. Samples were digested in papain (static: 40 pg/mL, roller culture: 80
pg/mL) (Sigma-Aldrich) for 72 hours (65°C). The papain digest was then aliquoted and

stored for further analysis (-20°C).

3.7.3 DNA, Glycosaminoglycan and Hydroxyproline Quantification

The accumulated DNA, glycosaminoglycan (GAG) and hydroxyproline content of the
cartilaginous samples were determined using biochemical assays from the papain
digest. All assays were performed in 96-well plates (VWR International, Mississauga,
ON), with all standards and samples measured in triplicate. Assay results were

normalized to DNA content and dry weight.

DNA content was characterized using Hoechst 33258 dye (Sigma-Aldrich)[93]. Papain
digest was diluted with PBS (pH 7.4) and standard curves were generated using calf
thymus DNA (Sigma-Aldrich). The diluted digest and prepared standards were added to
96-well fluorescence plates, and then mixed with dye solution. The fluorescence was
measured at excitation (350 nm) and emission (450 nm), and the standard curves

characterized the fluorescence recorded to the digest’s DNA content.

GAG content was characterized using 1,9-dimethylmethylene blue (DMMB) (Sigma-
Aldrich) dye to quantify sulphated glycosaminoglycans[94], [95]. Papain digest was

diluted with 1% (w/v) bovine serum albumin (Sigma-Aldrich) in PBS (pH 7.4), with
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standard curves generated using bovine cartilage chondroitin sulphate A (Sigma-
Aldrich). The diluted digest and standards were added to 96-well plates, and then mixed
with DMMB dye solution. The absorbance was measured (525 nm), and the standard

curves characterized the absorbance recorded to the digest's GAG content.

Hydroxyproline content was measured though chloramine-T/Ehrlich’s reagent [96], [97].
Papain digest was hydrolyzed in 6 N HCI (18 hours, 110°C), neutralized with 5.7 N
NaOH, and then diluted with distilled water. Standard curves were generated using L-
hydroxyproline (Sigma-Aldrich). The diluted hydrolysate and standards were added to
the standard 96-well plates and then mixed with chloramine-T (Sigma-Aldrich) and
Ehrlich’s reagent (Sigma-Aldrich). Absorbance was measured at 560 nm, and the

standard curve correlated the absorbance recorded to hydroxyproline content.

3.8 Histological Evaluation

Histological evaluation was conducted to visualize the cartilaginous tissue. Harvested
samples were fixed in 4% paraformaldehyde dissolved in 0.1 M PBS overnight (4°C).
Samples were then washed in PBS, stored in 70% ethanol (4°C), dehydrated in graded
ethanol solutions, and paraffin embedded for sectioning. Sections (5 pum thick) mounted
on Superfrost Slides (Fisher Scientific, Mississauga) and dried for 24 hours (37°C) prior
to staining.

To identify proteoglycans, sections were stained with safranin O counter-stained with
fast green, where cartilage stained orange/red and nuclei stained black. Briefly, the
tissue sections were deparaffinised and rehydrated in water, stained with Weigert’s iron

haematoxylin for 10 minutes, and rinsed with tap water for 10 minutes. Then sections
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were then counter-stained with 0.05% fast green solution for 5 minutes, and after a 15-
second 1% acetic acid wash, the slides were stained with 0.05% Safranin O for 5
minutes. Lastly, samples were dehydrated in graded alcohol solutions, cleared in xylene
and mounted using Permount resinous media (Fischer Scientific, Ottawa, ON, Canada).
To visualize collagen within the tissue, sections were stained with Sirius red, where
collagen stained red on a pale yellow background with black nuclei. Briefly, the tissue
sections were deparaffinised and rehydrated in water, stained with Weigert’s iron
haematoxylin for 8 minutes, and rinsed with tap water for 10 minutes. Then sections
were then stained with pico-sirius red for one hour, and after 2 changes in acidified
water, vigorously shook to remove water. Lastly, samples were dehydrated in graded
alcohol solutions, cleared in xylene and mounted using Permount™ resinous media
(Fischer Scientific, Ottawa, ON, Canada). All sections were examined by light

microscopy using Nikon Upright ES00 Microscope.

3.9 Statistical Analysis

All numerical results are expressed as the mean + SEM. For the effect of manual
rotation experiments, data were compared between experimental groups using a one-
way ANOVA, and statistical significance was determined using Tukey’s multiple
comparison’s test with a single pooled variance (Graphpad, Prism, CA, USA). In the
effect of rotational speed, growth factor supplementation, and layering experiments,
data from each experimental group were compared using parametric, unpaired t-test

with Welch's correction (Graphpad, Prism, CA, USA). Significant differences in all
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experiments were associated with p values of less than 0.05, and trends were

associated with p values between 0.05 and 0.1.
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4 Results

4.1 Chondrocyte Adherence

Primary bovine chondrocytes were seeded onto the plasma-treated polypropylene tubes
at various inoculation densities, ranging from 2.3x10° cells/cm3to 4.6x10° cells/cm3.
The seeded constructs were then incubated for 24 hours on the bottle roller (at a
rotational speed of 0.5 RPM). After this seeding period, chondrocyte adherence and
viability was determined using the Trypan Blue (Sigma-Aldrich) dye exclusion assay
(Table 1). As the inoculation density increased, the percentage of adherent seeded cells
decreased, but the number of live adherent cells to the tube plateaued at, and beyond
the inoculation densities of 3.3x10° cells/cm?3. Since an increase in cell density could not
increase adherence cell density at this point, an inoculation density of 3.3x10° cells/cm?

was used for all subsequent experiments.

Table 1: Chondrocyte attachment to plasma-treated polypropylene constructs

Inoculation Density

. 2.3x10° 3.3x10° 4.6x10°
(cells/cm?)
Total Live Cells on Tube
. 5 1.02 £ 0.46 1.19 £ 0.52 1.13+0.65
(cells/cm? x 10°)
As a % of seeded cells
’ 71% 59% 52%
Il Attach tD it
Cell Attachment Density 4.2+0.12 6.17 + 0.17 6.11 + 0.20

(cells/cm? x10%)

Data presented as mean + SEM (n=3-6).

4.2 Effect of Manual Rotation
Roller tracheal constructs were manually rotated by set amounts (¥z of a turn, ¥ of a

turn, or no turn) at each media exchange (48-72 hours) to optimise tissue growth. At the
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end of the 4-week static culture period, samples were evaluated biochemically. Upon
harvest, the samples rotated either %2 or ¥ of a rotation at each media exchange always
exhibited full coverage of the roller tracheal construct. However, the samples not rotated
at each media exchange were often void of tissue at the top of the roller tracheal

construct’s tube (data not shown).

4.2.1 Biochemical Evaluation

At the end of the culture period, samples were assayed for DNA, glycosaminoglycan,
and hydroxyproline contents, all normalized to construct dry weight. Glycosaminoglycan
and hydroxyproline content were also normalized to DNA content. The effect of manual
rotation did not significantly affect DNA content (p=0.85) (Figure 4.1).
Glycosaminoglycan content was not significantly affected by manual rotation, either
when normalized to dry weight or DNA content (p=0.40 and p=0.32, respectively)
(Figure 4.2). Hydroxyproline content was also not significantly affect by manual rotation,
either when normalized to dry weight or DNA content (p=0.40 and p=0.19, respectively)
(Figure 4.3). Overall, manual rotation did not have a significant effect on tissue growth
biochemically, but was necessary to ensure full coverage of the roller tracheal

constructs.
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Figure 4.1: The effect of manual rotation on DNA content, normalized to dry weight

Data presented as mean + SEM, n=3-9 samples per group.
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Figure 4.2: The effect of manual rotation on glycosaminoglycan content, normalized to

dry weight and DNA content

Data presented as mean + SEM, n=3-9 samples per group.
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Figure 4.3: The effect of manual rotation on hydroxyproline content, normalized to dry

weight and DNA content

Data presented as mean + SEM, n=3-9 samples per group.

4.3 Effect of Rotational Speed

As manual rotation did not have a significant effect on tissue growth, the effect of
automatic rotation on tissue growth was investigated. A bottle roller was used to
continuously rotate the roller tracheal constructs at either slow (0.1 RPM) or fast (0.5
RPM) rotational speeds, with samples dynamically cultured under these conditions for a
period of 4 weeks. At the end of the culture period, samples were harvested and
analyzed biochemically and histologically. Upon harvest, all samples exhibited full

coverage of the roller tracheal construct with apparent homogenous tissue distribution.
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4.3.1 Biochemical Evaluation

At the end of the culture period, samples were assayed for DNA, glycosaminoglycan
and hydroxyproline content, with the results normalized to dry weight.
Glycosaminoglycan and hydroxyproline content were also normalized to DNA content.
Dynamic rotation culture at the slower rotational speeds (0.1 RPM) did not significantly
affect DNA content (p=0.85) (Figure 4.4). However, slower rotational speed did
significantly increase GAG content, either when normalized to dry weight or DNA
content (p<0.05, p=0.07, respectively) (Figure 4.5). Faster rotational speeds appeared
to have drastically hindered glycosaminoglycan secretion. Hydroxyproline content,
however, was not significantly affected by faster rotational speed either when
normalized to dry weight or DNA content (p= 0.53 and p=0.62, respectively) (Figure
4.6). Overall, higher rotational speeds did not significantly affect DNA or hydroxyproline
content, but had a significantly increased glycosaminoglycan synthesis. Because of the
increased tissue accumulation observed at slow (0.1 RPM) rotational speed, all

subsequent experiments were cultured at 0.1 RPM.
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Figure 4.4: The effect of rotational speed on DNA content

Data presented as mean = SEM (n=3-8 samples per group).

*k

501 . 25+
; ~
E 401 > 204
o =
3 o
. 304 2 154
2 z
> 204 o 109
o o
o <
< 107 o 54
o

0= 0=

RPM RPM

Figure 4.5: The effect of rotational speed on glycosaminoglycan content

Data presented as mean = SEM (n=3-8 samples per group). *significantly different

(p<0.05), ** trend (p=0.07).
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Figure 4.6: The effect of rotational speed on hydroxyproline content

Data presented as mean = SEM (n=3-8 samples per group).

4.3.2 Histological Evaluation

At the end of the culture period, samples were fixed, sectioned, and stained with
safranin O and sirius red to visualise glycosaminoglycan content and collagen content,
respectively (Figure 4.7). Both the samples cultured at 0.1 and 0.5 RPM appear to have
the same cellular density, supported by the similar results observed in DNA content
when normalized to dry weight. Morphologically, chondrocytes appeared round in shape
and were randomly dispersed throughout the tissue matrix in lacunae for both samples.
Minimal glycosaminoglycan staining was observed for samples cultured at 0.5 RPM in
the safranin O stains, however, diffuse positive glycosaminoglycan staining was
observed for samples cultured at 0.1 RPM. The results of the safranin O staining
correspond to decrease in glycosaminoglycan content observed biochemically in
samples cultured at 0.5 RPM compared to those cultured at 0.1 RPM. This evidence

strongly suggests that the higher rotational speed significantly negatively affected
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glycosaminoglycan synthesis. The intensity of the sirius red staining was greater for
samples cultured at the slower rotational speed, which corresponds to the increased
hydroxyproline content observed biochemically when normalized to dry weight for
samples rotated at 0.1 RPM. The thickness of the samples cultured at the slower
rotational speed was at least twice that of the samples cultured at 0.5 RPM. Overall, the

slower rotational speed produced thicker, glycosaminoglycan-rich tissue with increased

collagen content observed biochemically and histologically.

0.1 RPM 0.5 RPM

Safranin O

100 pm 100 pm

Sirius Red

100 pm

100 um

Figure 4.7: Safranin O and Sirius Red staining of cartilaginous tissue after culture at 0.1

and 0.5 RPM
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4.4 Effect of Growth Factor Supplementation

As dynamic culture was optimized at a rotational speed of 0.1 RPM, the effect of growth
factor supplementation on tissue growth was investigated. Roller tracheal constructs
were cultured at 0.1 RPM either with or 10 nM insulin-like growth factor 1 (IGF-1)
supplementation. At the end of the 4-week culture period, samples were harvested and
analyzed biochemically, histologically, and for changes in physical properties. All

harvested samples exhibited full coverage of the roller tracheal construct.

4.4.1 Biochemical Evaluation

At the end of the culture period, samples were assayed for DNA, glycosaminoglycan
and hydroxyproline content, with the results normalized to dry weight.
Glycosaminoglycan and hydroxyproline content were also normalized to DNA content.
IGF-1 supplementation did not have a significant effect on DNA content (p=0.18) (Figure
4.8). However, while IGF-1 did not have a significant effect on glycosaminoglycan
content when normalized to dry weight (p=0.19), a significant increase in
glycosaminoglycan content was observed when normalized to DNA content (p<0.01)
(Figure 4.9). Samples supplemented with IGF-1 also exhibited an increase in
hydroxyproline content when normalized to dry weight (p=0.10). However, this trend
was lost when hydroxyproline content was normalized to DNA content (p=0.33) (Figure

4.10).
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Figure 4.8: Effect of IGF-1 on DNA content

Data presented as mean = SEM (n=3-8 samples per group).
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Figure 4.9:Effect of IGF-1 on glycosaminoglycan content

Data presented as mean = SEM (n=3-9 samples per group). *significant (p<0.01).
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Figure 4.10: Effect of IGF-1 on hydroxyproline content

Data presented as mean = SEM (n=3-9 samples per group). ** trend (p=0.10).

4.4.2 Histological Evaluation

Cartilaginous samples were stained with safranin O to visualize glycosaminoglycans
and sirius red to visualize collagen proteins (Figure 4.11). Morphologically,
chondrocytes appeared round in shape and were randomly dispersed throughout the
tissue matrix in lacunae, occurring individually or as doubles. Samples without IGF-1
supplementation appeared more cellularly dense compared to the samples
supplemented by IGF-1. This trend was also observed biochemically, evidenced by the
increased DNA content when normalized to dry weight for samples cultured without
growth factors compared to those with IGF-1 supplementation. Positive
glycosaminoglycan staining was observed in the safranin O stains of samples both
cultured with and without IGF-1, with the samples with IGF-1 supplementation staining
more intensely. This was supported by the biochemistry results, where the samples

without IGF-1 supplementation exhibited increased glycosaminoglycan content. Since

43



IGF-1 supplemented samples observed lower cell density, positive glycosaminoglycan
staining with safranin O corresponds to the increase in glycosaminoglycan content
when normalized to DNA content observed biochemically. Collagen staining with sirius
red was significantly more intense in the samples without IGF-1 supplementation,
supported by the significant increase in hydroxyproline content observed biochemically
when normalized to dry weight. The reduced cellular density observed in the samples
with IGF-1 supplementation corresponds to the similar hydroxyproline content between
samples when normalized to DNA content. In terms of thickness, samples with IGF-1
supplementation appeared significantly thicker than the samples cultured without growth
factors. Overall, IGF-1 supplementation appeared to inhibit cellular proliferation,

glycosaminoglycan and collagen synthesis.

No Growth Factor IGF-1

Safranin-O

100 pm

100 pm
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Sirius Red

100 pm

Figure 4.11: Safranin O and Sirius Red staining of cartilaginous tissue with and without

IGF-1 supplementation

4.4.3 Mechanical Evaluation

At the end of the culture period, both circumferential and longitudinal strips were taken
from the harvested samples for thickness evaluation and tensile testing to determine
potential biomechanical differences with respect to direction. For the samples cultured
without growth factors, tissue location did not significantly affect the tensile modulus,
ultimate tensile strength or ultimate tensile strength. (p=0.46, p=0.26, p=0.28,
respectively) (Figure 4.12). For the samples supplemented with IGF-1, strip location
also did not significantly affect the tensile modulus, ultimate tensile strength or ultimate
tensile strength. (p=0.37, p=0.55, p=0.33, respectively) (Figure 4.13). These results
indicated that the cultured tissue was essentially isotropic when cultured with or without
growth factors. For this reason, all subsequent results were reported as averages from

the longitudinal and circumferential directions.
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Figure 4.12: The effect of direction on mechanical properties in samples cultured

without growth factors
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Comparing the samples cultured with or with growth factors, the samples supplemented
with IGF-1 exhibited a significant increase in tissue thickness compared to the control
samples without IGF-1 (p<0.05) (Figure 4.14). This trend was also observed in the
histological evaluation of tissue thickness, with the IGF-1 supplemented samples
observed to be thicker than the samples cultured without growth factors. The tensile

modulus and ultimate tensile strength were significantly decreased with growth factor
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supplementation compared to those cultured without (p<0.01 and p<0.001 respectively)
(Figure 4.14). This trend was also reflected in the biochemically by the increased
hydroxyproline content, both when normalized to dry weight and DNA content. The
increases hydroxyproline content corresponds to increased collagen content which
provided stronger tensile properties. IGF-1 supplementation did not have a significant
effect on ultimate tensile strain (p= 0.78) (Figure 4.14). Overall, IGF-1 supplementation
resulted in thicker tissue with inferior mechanical properties compared to samples

cultured without IGF-1, supported by both the biochemical and histological data.
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Figure 4.14: Effect of growth factor supplementation on physical properties

Data presented as mean + SEM (n=3-11 per group). *Significantly different (p<0.05).

4.5 Effect of Layering

After the effects of IGF-1 supplementation resulted in thicker tissue but with inferior
mechanical properties, the effect of cell layering was investigated. PO chondrocytes
were seeded into the roller tracheal constructs as well as into flasks for expansion.

Upon confluence, the plated PO chondrocytes were trypsinized and the resulting P1
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chondrocytes were seeded on top of the PO chondrocytes within the roller tracheal
constructs. Another flask was seeded at this point, and the process was repeated to
seed the resulting P2 chondrocytes on top of the P1 and PO chondrocytes within the
roller tracheal constructs. At the end of the 4-week culture period, the chondrocyte-
layered constructs were harvested and analyzed biochemically, histologically, and for
changes in physical properties. All harvested samples exhibited full coverage of the

roller tracheal construct.

4.5.1 Biochemical Evaluation

At the end of the culture period, samples were assayed for DNA, glycosaminoglycan,
and hydroxyproline content, with the results normalized to dry weight.
Glycosaminoglycan and hydroxyproline content were also normalized to DNA content.
Cell layering did not have a significant effect on DNA content (p=0.12) (Figure 4.15),
although an expected increase in DNA content was observed when layering additional
cells onto the roller trachea constructs. Cell layering also did not have a significant
effect on glycosaminoglycan or hydroxyproline content when normalized to dry weight
(p=0.98, p=0.91, respectively) (Figure 4.16, Figure 4.17). When glycosaminoglycan
content was normalized to DNA content, an observable decrease was observed with
chondrocyte layering (p=0.28, respectively) (Figure 4.16). This trend was more
significant when hydroxyproline content was expressed relative to DNA content, as cell
layering significantly decreased hydroxyproline content (p<0.01) (Figure 4.17). Overall,
chondrocyte layering increased the DNA content observed but did not significantly

express glycosaminoglycan and hydroxyproline content when normalized to dry weight.
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The observed decreases in glycosaminoglycan and hydroxyproline content when

normalized to DNA content correspond to the increased DNA content observed from

cell layering.
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Figure 4.15: Effect of cell layering on DNA content

Data presented as mean + SEM (n=3-9 samples per group).
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Data presented as mean = SEM (n=3-9 samples per group).
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Figure 4.17: Effect of cell layering on hydroxyproline content

Data presented as mean = SEM (n=3-9 samples per group). *Significant (p<0.01).

4.5.2 Histological Evaluation

At the end of the culture period, samples were stained with safranin O and sirius red to
visualise glycosaminoglycan content and collagen content, respectively (Figure 4.18).
The layered samples appeared to have a higher cellular density, which was supported
by the increased DNA content observed biochemically. This was supported by the
decrease in glycosaminoglycan and hydroxyproline content when normalize to DNA
content as the number of cell present in the layered samples was significantly higher.
Morphologically, chondrocytes appeared round in shape and were randomly dispersed

throughout the tissue matrix in lacunae for both samples.
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Positive glycosaminoglycan staining was observed in both layered and non-layered
samples, with non-layered samples staining more intensely. This was supported
biochemically, where glycosaminoglycan content was not affected by cell layering when
normalized to dry weight. The safranin O stained layered sample in separated into two
when sectioning, showing layers of chondrocytes seeded and the variation in the tissue
produced. The inner-most tissue was richer in proteoglycans than the outer layer.
Collagen staining with sirius red was equally intense for the layered and non-layered
samples corresponding to the biochemical results. In terms of thickness, non-layered

samples were significantly thicker than the samples cultured without growth factors.
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Safranin O

100 pm 100 pum
—_—

53



Sirius Red

100 pum 100 um

Figure 4.18: Safranin O and Sirius Red staining of non-layered and layered

cartilaginous tissue

4.5.3 Mechanical Evaluation

At the end of the culture period, samples were assessed in terms of tissue thickness
and biomechanical tensile properties. Non-layered samples were significantly thicker
than cells the samples layered with chondrocytes (p<0.01) (Figure 4.19). The tensile
modulus and ultimate tensile strength were significantly increased by cell layering,
(p<0.01, p<0.01, respectively) (Figure 4.19). This trend was not reflected in the
biochemical data, as there was no difference in hydroxyproline content when comparing
the layered and non-layered constructs when normalized to dry weight. Increased
hydroxyproline content would increase collagen content, which would provide stronger

tensile properties. There was no significant effect of cell layering on the ultimate tensile

54



strain (p=0.53) (Figure 4.19). Overall, cell layering had decreased tissue thickness but

increased the tensile properties upon mechanical testing.
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Figure 4.19: The effect of call layering on physical and mechanical properties
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5 Discussion

5.1 Chondrocyte Adherence

This experiment was conducted to optimize chondrocyte adherence by varying the
inoculation densities. Constructs were seeded under rotation with the seeding media
level below the midline of the roller tracheal construct to prevent leaking. Thus,
inoculation densities were quantified by volume instead of surface area. The results
indicated that the number of live adherent cells plateaued beyond the 3.3x10° cells/cm?
levels. This suggests a limit under the experimental set up where the rotation of the
constructs appears to keep cells in suspension and prevent increased chondrocyte
adherence beyond this point. This was supported when the final attachment density
remained constant as the inoculation density increased and the percentage of live
adherent cells from the total cells seeded decreased. All samples were seeded at 0.5
RPM. While this speed was chosen from preliminary studies, seeding at slower
rotational speeds may serve to increase chondrocyte adhesion. However, under these
conditions the chondrocytes attached to the top of the roller tracheal constructs would
be without media for a longer period of time. If the rotational speed was lowered, higher
inoculation densities may be effective due to the modified dynamic rolling forces. To
facilitate cellular attachment, the roller tracheal constructs utilized plasma-treated
polypropylene tubes for chondrocyte attachment. A material with a greater affinity for
cellular attachment by increasing hydrophilicity or collagen coating may increase
chondrocyte adherence. As the increase in cell density did not increase chondrocyte
adherence beyond the density of 3.3x10° cells/cm?, this inoculation density was used

for all subsequent experiments.
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5.2 Effect of Manual Rotation

The effect of manual rotation was explored to determine its effect on tissue growth. The
results indicated that manual rotation did not have a significant effect on tissue growth
biochemically. However, differences in tissue coverage of the roller tracheal construct
were observed. The samples rotated Y2 or ¥ of a rotation at each media exchange
always generated full coverage of the roller tracheal construct upon harvest, while non-
rotated samples were often void of tissue at the top of the tube (data not shown). The
seeded chondrocytes at the top of the roller tracheal construct may have migrated to the
bottom of the tube due to gravity or hydrostatic pressure. Thus, regular rotation appears
necessary during culture to ensure complete tissue coverage of the construct. However,
while no significant differences in tissue biochemistry were observed with manual

turning, subsequent experiments focused on automatic rolling.

5.3 Effect of Rotational Speed

Since manual rotation at each media exchange did not significantly affect tissue growth,
the effect of automatic rotation was investigated to determine the optimal rotational
speed for tissue growth. The bovine articular chondrocytes were dynamically cultured
for 4 weeks using a bottle roller to continuously rotate the roller tracheal constructs at

either slow (0.1 RPM) or fast (0.5 RPM) rotational speeds.
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Both the biochemical and histological results showed minimal differences in DNA and
hydroxyproline content with respect to rotational speed. However, there was a
significant decrease in glycosaminoglycan content, either by dry weight or DNA content,
for samples cultured at 0.5 RPM. This was supported by little to no positive safranin O
staining for proteoglycans observed histologically. The differences observed reducing
the rotational speed by a factor of 5 likely stem from the fluid-induced shear forces
generated by roller bottle culture. The results indicate that slower rotational speeds
appear to be optimal for glycosaminoglycan synthesis, with faster rotational speeds
limiting glycosaminoglycan synthesis. The increased rotational speed and
corresponding shear forces may have washed away glycosaminoglycan content. This
has been observed in studies investigating glycosaminoglycan content of chondrocytes
under cyclical loading [98]. Samples dynamically cultured at 0.5 RPM not only
generated less glycosaminoglycan content than the samples cultured 0.1 RPM, but
generated less glycosaminoglycan content than the manually rotated samples when
normalized to dry weight. The effect of dynamic culture at 0.5 RPM was also observed
histologically in sample thickness, producing much thinner samples than those cultured
at 0.1 RPM. These results indicate that continuous culture at 0.5 RPM was not optimal

for tissue growth.

Comparing the results of the samples cultured at 0.1 RPM biochemically to that of other
species, differences in GAG content but similarities in the DNA and hydroxyproline
content were observed when normalized to dry weight. The DNA content (1.48 + 0.28
Hg/mg) was similar to that observed in porcine trachea (1.31 £ 0.27 pg/mg) [99]. The

GAG content (32.02 £ 12.92 ug/mg) was 5 times lower than that found in human
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trachea (152 + 18.8 pg/mg) but similar to that of ovine trachea (22 + 7 pg/mg). The
hydroxyproline content (12.63 + 3.56 pg/mg) was 4 times lower than that found in
human trachea (48.3 + 10.3 pg/mg) but similar that of porcine trachea (8.19 + 3.19
png/mg). This was confirmed histologically, where samples rotated at 0.1 RPM stained
positive for glycosaminoglycans and hydroxyproline, but not with the intensity observed

in native tissue.

In this experimental set up, the roller tracheal constructs sat at the bottom of the vented
Bioreaction tubes, with the media level below the midline of the construct to prevent
floating. Thus, culture at a slower rotational speeds would leave the chondrocytes
attached to the top of the roller tracheal constructs without media for longer periods of
time, possibly hindering cell growth. Constructs could also be seeding cells at a slower
rotational speed but cultured at higher rotational speed to optimize fluid-induced shear
forces for tissue growth. Previous studies have demonstrated that plated chondrocytes
increased glycosaminoglycan synthesis in response to fluid-induced shear two-fold
[100], [101]. If the roller tracheal construct could be fixed to the middle of the Bioreaction
tube, more media could be administered to the samples for increased nutrient delivery
and change the shear forces experienced by the chondrocytes to potentially increase

tissue growth.

Other studies into the effect of dynamic rotation culture varied greatly in the rotational
speed utilized for cell seeding and culture. A similar study which also implemented
continuous flow found that a higher RPM increased DNA, glycosaminoglycan, and
collagen content; peaking at 15 RPM [88]. In this set-up, constructs were seeded in

static culture for 7 days prior to being cultured under in a rotation continuous flow
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bioreactor. A rotating double-chamber bioreactor used in clinical trials utilized 5 RPM for
seeding and 2 RPM for culture [86], [102]. A longer-term study used a bottle roller for
24-30 weeks with serum-free media and rotated constructs at 10 RPM for the duration
of the culture period [103]. Utilizing different rotational speeds could be explored to
maximise cellular adhesion at the beginning of culture and then adjusted to maximize

tissue growth.

5.4 Effect of Growth Factor Supplementation

Once the rotational speed was optimized at 0.1 RPM, the effect of growth factor
supplementation on tissue growth was explored. The bovine articular chondrocytes
were dynamically cultured for 4 weeks at 0.1 RPM either with or without Insulin-like

growth factor 1 (IGF-1) supplementation.

Samples supplemented with IGF-1 exhibited less DNA content biochemically and
decreased cellular density histologically, suggesting that IGF-1 supplementation
impaired cell proliferation. The samples supplemented with IGF-1 also exhibited
increased glycosaminoglycan content when normalized to either dry weight or DNA
content, a trend also observed histologically through safranin O staining. The increased
glycosaminoglycan content when normalized to DNA for the IGF-1 supplemented
samples corresponds to the decreased cellularity observed biochemically and
histologically with IGF-1 supplementation. The decreased cellular density increased the
glycosaminoglycan content when expressed relative to DNA content. The samples
cultured without growth factors exhibited a significant increase in hydroxyproline content

normalized to dry weight compared to the samples cultured without growth factors. This
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trend was supported by both the histological and biomechanical data. The samples
cultured without growth factors stained more intensely for collagen proteins in sirius red
staining, while samples without growth factors exhibited larger tensile modulus and
ultimate tensile strength compared to samples cultured with IGF-1 supplementation.
Collagen content is predominantly responsible for tensile properties in cartilage tissues
[104]. Thus, the increase in the tensile modulus and ultimate tensile strength
corresponds to the increased hydroxyproline content observed biochemically and

histologically.

The tensile modulus of the samples cultured with and without IGF-1 supplementation
(4.90 and 11.52 MPa, respectively) was within the range reported in humans (4.6-13.6
MPa) [99]. The ultimate tensile strength observed in samples with IGF-1
supplementation (1.3 MPa) were consistent with that of other scaffold-free methods (1.1
MPa) [73]. However, the ultimate tensile strength of samples cultured without growth
factors was more than twice that of tissue generated with similar scaffold-free methods
(2.75 MPa) [73]. IGF-1 supplementation significantly increased tissue thickness,
observed both histologically and biomechanically. These results indicate that IGF-1
supplementation increased cellularity and glycosaminoglycan synthesis, but decreased
collagen synthesis, leading to tissue with inferior mechanical properties. The increased
glycosaminoglycan content may have attracted additional water which may have
caused the tissue to swell restringing in a larger thickness. The indifference in
mechanical properties in the circumferential and longitudinal directions was unexpected
given direction of the fluid-induced shear forces generated from roller bottle culture.

Physiologically, the trachea’s tensile properties in the circumferential direction are
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increased for the functions of inhalation and exhalation [105]. As this indifference was
observed in both samples cultured with and without growth factors, the tissue produced
by roller bottle culture at 0.1 RPM was essentially homogeneous and isotropic. This
agrees with literature that found no significant difference in longitudinal versus
circumferential biomechanical properties in a seeded scaffold with respect to suture
retention[105]. Other studies have found out that cultured tissue to be anisotropic,

showing a higher elastic moduli longitudinally [99], [106].

While this experiment only examined tensile biomechanical properties, functional
biomechanical measurements such as burst pressure should be considered to evaluate
physiologically relevant loads. As the trachea is circumferentially strong in tension for
respiration and in compression to prevent airway collapse [105], strategies to increase
these properties in cultured tissue should be implemented. Overall, IGF-1
supplementation produced thicker tissue with increased cellularity but with inferior
mechanical properties compared to the tissue cultured without growth factors. This was
evidenced by decreased DNA, glycosaminoglycan and hydroxyproline content observed

in the IGF-1 supplemented samples when normalized to dry weight.

Transforming growth factor beta 1 (TGF-B1) is often used to enhance mechanical
properties in scaffold-free tissues [107]. However, TGF-B1 supplementation in static
culture with manual rotation at each media exchange resulted in tissues collapsing upon
themselves before the end of the culture period (data not shown). As such, stimulation
with TGF-B1 was not explored further and IGF-1 was administered to samples instead.
Previous work has demonstrated that a combination of TGF-1 with BMP-2 doubled

glycosaminoglycan content and the aggregate modulus in neocartilage [80]. Thus, a
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combination of growth factors could be explored to enhance tissue formation and
properties. Similarly, previous studies have explored the use of enzymes such as
chondroitinase-ABC (C-ABC) to digest glycosaminoglycans to improve collagen
synthesis, as too much glycosaminoglycan content may impair collagen synthesis and
reduce biomechanical properties [108]. Controlled supplementation of C-ABC could be
explored to increase the tensile modulus, which was observed to increase by 80% with
admiration halfway through the culture period [109]. Other studies have explored the
use of lysyl-oxidase (LOX) to initiate collagen fibril cross-linking [110]. Also, the
combination of LOX and C-ABC resulted over a 200% increase in the tensile modulus
and ultimate tensile strength of the neocartilage [110]. Overall, the combination of
additional growth factors and/or enzymes at various points throughout the culture period

may optimise tissue mechanical properties.

5.5 Effect of Layering

With the effect of growth factor supplementation determined, the effect of cell layering
was investigated. PO chondrocytes were seeded into the roller tracheal constructs as
well as into flasks for expansion. Upon confluence, the plated PO chondrocytes were
trypsinized and the resulting P1 chondrocytes were seeded on top of the PO
chondrocytes within the roller tracheal constructs. This process was repeated for the

resulting P2 cells.

The results indicated that chondrocyte layering increased the cellularity of the samples,
observed biochemically with DNA content and histologically with visualized cellular

density. These results were expected from layering additional chondrocytes onto the
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roller tracheal constructs. From the constant inoculation density and low, if any, cell
counts of the effluent seeding media, it was assumed that the same number of cells
adhered to the roller tracheal construct each layering. The initial PO layer of cells would
be attracted to the plasma-treated, hydrophilic polypropylene surface of the roller
tracheal constructs, and each subsequent layer of P1 and P2 chondrocytes would
adhere to the extracellular matrix produced by the PO cells, acting as anchor points.
Harvesting samples after each layering would confirm the effect of each layering.
Chondrocyte layering did not effect on glycosaminoglycan and hydroxyproline content
when normalized to dry weight. This trend was observed in the sirius red staining for
collagen content, where both samples stained with equal intensity. Equal
glycosaminoglycan staining was not observed in the safranin O staining. However, the
sample was separated when sectioning with the inner-most tissue exhibiting similar
proteoglycans staining to the unlayered samples. The glycosaminoglycan and
hydroxyproline content of the samples when normalized to DNA content decreased for
the layered samples, which corresponds to the equal amounts of glycosaminoglycan
and hydroxyproline relative to dry weight observed with the increased DNA content. Cell
layered decreased tissue thickness, observed both histologically and through
biomechanical testing. Despite this, chondrocyte layering increased the tensile modulus

and ultimate tensile strength. The ultimate tensile strain was unaffected by cell layering.

The layering of additional chondrocytes may have skewed the biochemistry data, as
newly added chondrocytes may not have produced additional extracellular matrix but
affected the data normalized to DNA content. Furthermore, there is extensive literature

on the effect of passaging on chondrocyte differentiation [111]. While previous research
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indicated that chondrocytes could be expanded to four passages without permanent
dedifferentiation [112], other studies show that gene expression was affected more
rapidly [113]. Thus, the additionally seeded chondrocytes may not have contributed to
the extracellular matrix of the construct as they were passaged prior to layering.
Immunohistochemical analysis of collagen Il and collagen | would determine if the
passaged chondrocytes dedifferentiated before prior to layering, as dedifferentiation
would be marked by an increase in collagen | production and a decrease in collagen Il
production as chondrocytes regress. There have been various methods to maintain
chondrocyte phenotype during expansion[114]-[117], which could be used in

conjunction with cell layering to optimize tissue growth in roller bottle culture.

Layered samples may also have been affected by the re-seeding process, where the
roller tracheal construct were capped and only given 1 mL of seeding media compared
to the 15 mL of culture media given to promote tissue growth. This may have hindered
tissue growth due to the lack of nutrients available from the smaller volume of media. As
such, a longer culture period or a smaller seeding period may be optimal for tissue
growth to prevent nutrient deprival. Additionally, a slower rotational speed during re-
seeding may be investigated, though this would leave the cells at the top of the

construct are without media for a longer period of time.

5.6 Limitations of the study
In all experiments, samples were cultured in plasma-treated polypropylene tubes.
However, a more hydrophilic material may facilitate greater cell attachment and tissue

growth. Furthermore, all experiments seeded roller tracheal constructs with
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chondrocytes while under rotation at 0.5 RPM. This rotational speed, the slowest
offered by the bottle roller, may have limited cellular attachment to the roller tracheal
constructs and kept the cells in suspension. Additionally, media levels were kept below
the midline of constructs during seeding to prevent leaking, possibly limiting cellular

attachment.

During static culture with manual rotation at each media exchange, samples were
limited to 5 mL of culture media, which may not be sufficient for tissue growth at this
cellular density as the media may be depleted of nutrients too quickly. In dynamic roller
culture, samples were limited to 15 mL of culture media due to the experimental set up
to prevent floating. Fixing the constructs in place within the Bioreation tubes would allow
more media to be administered to the samples during culture. Samples were also
limited in their exposure to media, as the top half of the tubes were not in contact with
media during dynamic rotational culture. The lowest rotational speed attainable in the
experimental set up was 0.1 RPM, dictated by the space available on the bottle roller
and materials available to expand the width of the roller tracheal constructs. Culture at a
slower speed may induce greater tissue growth. Furthermore, samples were cultured at
one rotational speed for the duration of the culture period. Investigation into which
rotational speed may be optimal for cellular attachment and for tissue growth would be
optimal. Layered samples may also have been affected by the laying process, where
roller tracheal construct were capped and only given 1 mL of seeding media compared
to the 15 mL of media given to samples during culture. Due to size constraints of the
bottle roller, the attachments needed to scale down the rotational speed, and the

incubator housing all components, a low throughput of samples during experiments
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were observed for each individual experiment. Furthermore, there was high variability in
the biochemical results of samples within the same experiment, likely due to variation in

the animals harvested.
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6 Conclusion and Recommendations

6.1 Conclusions

The purpose of this study was to create a seamless cartilage cylinder for tracheal tissue
engineering using scaffold-free techniques and roller bottle culture in vitro. First,
chondrocyte adherence was optimized based on the experimental set up, where
seeding additional cells beyond a certain point did not increase cellular attachment. In
static culture, manual rotation at each media exchange demonstrated little difference
between samples rotated ¥z or ¥4 of a turn. However, rotation was necessary to ensure
full tissue coverage of the roller tracheal constructs, as non-rotated samples were often
void of tissue at the top of the tube. When scaling up to dynamic culture with automatic
rotation, samples cultured at a slower rotational seed produced thicker tissues with an
exchanged extracellular matrix upon harvest. A significant reduction in
glycosaminoglycan content was observed in samples cultured at a faster rotational
speed, observed both biochemically and histologically. This may be due to the
increased fluid-induced forces experienced by the tissue, possibly washing away
glycosaminoglycan content at the higher rotational speeds. Because of the increased
tissue accumulation observed at slow (0.1 RPM) rotational speed, all subsequent
experiments were cultured at 0.1 RPM. The supplementation of IGF-1 resulted in thicker
tissue accompanied by decreased DNA, glycosaminoglycan, and hydroxyproline
content compared to samples cultured without growth factors. Furthermore, IGF-1
supplemented samples exhibited inferior biomechanical properties. Chondrocyte
layering produced thinner tissue with a similar extracellular matrix, but enhanced

biomechanical properties. Overall, the experiments were successfully demonstrated the
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potential of scaffold-free tissue engineering using roller bottle culture to generate
seamless cylindrical cartilage constructs for long-segment tracheal replacement.
However, further improvements must be made to experimental design to produce better

quality cartilaginous tissues.

6.2 Recommendations

Further work must be carried out to gain a deeper understanding of how roller bottle
culture affects cartilage growth for tracheal replacements. Though chondrocyte
adherence was optimized in this experimental set up, a slower rotational speed with a
more hydrophilic material may increase chondrocyte adherence. Since slower rotational
speeds generated enhanced cartilaginous samples biochemically and histologically,
culture at an even slower rotational speed may induce greater tissue growth.
Furthermore, optimizing the rotational speed for cellular adherence and then again for
tissue growth may generate improved tracheal constructs. As Insulin-like growth factor 1
(IGF-1) supplementation generated thicker, glycosaminoglycan-rich tissue with inferior
mechanical properties, the incorporation of other growth factors and/or enzymes may
promote tracheal tissue regeneration. Finally, layering cells expended through methods
that maintain chondrocyte phenotype may strengthen the extracellular matrix of the

cartilaginous tracheal tissue.
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